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Abstract: Silver nanoparticles (AgNPs) with their unique properties represent great promise in biological applications. However, the
high toxicity of AgNPs still remains a major bottleneck and hinders their basic usage. In the present study, to improve the cytotoxicity
of AgNPs, a thin layer of polydopamine (PDOP) was proposed as shell material. For this, the as-prepared citrate-stabilized AgNPs were
dispersed in dopamine solution under alkaline conditions. The thickness of the PDOP layer could be manipulated simply by tuning
the polymerization time. It was indicated that all NP systems (PDOP, AgNP, and AgNP@PDOP) were efficiently synthesized in the
desired size and morphology. Cytotoxicity tests of all NP systems were performed in the Caco2 cell line and the results were evaluated
through sulforhodamine B (SRB) assay. Due to their natural characteristics, even at low concentrations (12.5 ppm) AgNPs exhibited
high cytotoxicity. In contrast, PDOP had almost no toxic effect on cells at high concentrations (200 ppm). The employment of a thin
layer of PDOP (5 ± 1 nm) distinctively improved the cytotoxicity of the AgNP@PDOP NP system without any change of optoelectronic
properties of AgNPs. A dose of 200 ppm of AgNP@PDOP NPs did not create any toxicity and the cells preserved their interaction,
morphology, and cellular integrity.
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1. Introduction
Metallic nanoparticles, and especially silver nanoparticles
(AgNPs), with their unique optical and electronic
properties, have been widely studied for many years
and show great promise in catalysis, optoelectronics,
and biological applications including photothermal
therapy, biosensing, and bioimaging as well as drug and
gene delivery (Daniel and Astruc, 2004; Sperling et al.,
2008; Dreaden et al., 2012; Pelaz et al., 2012; Bindhu and
Umadevi, 2015). However, the remarkably high toxicity
of AgNPs has restricted their applications and remains a
major bottleneck of this system. So far, many strategies have
been proposed to prevent this toxic effect. For instance, the
surface engineering of metallic NPs (Zhao et al., 2011; Zhu
et al., 2012) not only increases their biocompatibility but
also enhances the stability, hydrophilicity, and conjugation
of bioactive molecules (Verma and Stellacci, 2010; Zhang
et al., 2011; Gong and Winnik, 2012; Quarta et al, 2012).
In surface modification strategies, different coating
materials including polymers (Na et al., 2011; Quarta et
al., 2012; Zhang et al., 2012; Liu et al., 2013) and silica
(Pastoriza-Santos et al., 2006; Ghosh Chaudhuri and

Paria, 2011; Zhang et al., 2011) have been widely used
in biological systems. In spite of the numerous attempts,
novel, easy, low-cost, and high-throughput approaches are
still required to improve the cytotoxicity of AgNPs while
preserving their unique optoelectronic properties.
Dopamine, having functional groups such as catechol
and amine, is an important neurotransmitter agent. Under
alkaline conditions, dopamine can self-polymerize and
produce polydopamine (PDOP), which has adhesive
properties similar to mussel foot proteins (Lee et al., 2007;
Dreyer et al., 2012; Hong et al., 2012). Although the exact
polymerization mechanism is still unclear, it is recognized
that oxidation of catechol groups at high pH values has
the dominant effect in the polymerization process (Lynge
et al., 2011). PDOP with its unique properties including
excellent biocompatibility, robust adhesive characteristics,
high reactivity toward amine thiol groups, and easy
and well-controlled thickness over time has intensively
attracted attention in different applications such as surface
modification, drug delivery, and metallic nanoparticle
synthesis (Hu et al., 2010; Ku et al., 2010; Hong et al., 2011;
Yang et al., 2011; Ye et al., 2011). With these extraordinary
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properties, PDOP can be employed as a shell material
on NP systems by simply dispersing them in dopamine
solution under alkaline conditions and mild stirring at
room temperature (Fei et al., 2008; Zhang et al., 2010;
Hong et al., 2011; Kang et al., 2011; Si and Yang, 2011).
It was also shown that PDOP NPs and PDOP-coated
Fe3O4 NPs have exhibited highly acceptable cytotoxicity in
LIM1215 (Postma et al., 2009) and Madin-Darby canine
kidney (MDCK) cell lines (Si and Yang, 2011), respectively.
In 2013, Liu et al. reported the fabrication of PDOPcoated gold nanoparticles and their usage in both in vitro
and in vivo studies (Liu et al., 2013). The report depicted
that the presence of a thin layer of PDOP distinctively
enhanced the cytotoxicity and determined the uptake
behavior of PDOP-coated gold NPs. However, to the
best of my knowledge, there has been no study showing
the employment of PDOP-coated AgNPs (AgNP@PDOP
NPs) and their cytotoxicity evaluation.
In this study, to eliminate the cytotoxicity of AgNPs,
I propose the employment of a thin layer of PDOP shell
onto AgNPs. Oxidative polymerization of dopamine
could create a biocompatible shell layer while preserving
the unique properties of AgNPs. The Caco2 cell line was
employed in cytotoxicity tests due to its high throughput,
ease of handling, and resistance to to contaminants.
Cytotoxicity tests of the Caco2 cell line indicated that
the emergence of the PDOP layer greatly improved the
cytotoxicity of the NP system. This study paves the way for
perspective studies that will cover the in vivo applications
of similar NPs.
2. Materials and methods
2.1. Synthesis and characterization of NPs
In this study, I aimed to compare the cytotoxicity of three
different NP systems and improve the cytotoxicity of
metallic NPs through the employment of a biocompatible
PDOP layer. For this, in the first step, similar to earlier
studies, PDOP NPs were synthesized via the oxidative
polymerization of dopamine (Zhang et al., 2012). A
proper amount of dopamine (2 mg/mL) was solubilized
in DI water at pH 10 and stirred using a magnetic bar
(500 rpm) at ambient conditions for 24 h. The color of the
solution turned brown and black gradually over time. To
terminate the NP synthesis and remove the impurities in
the dispersion, PDOP NPs were centrifuged at 15,000 rpm
for 30 min. Then the supernatant was discarded and the
precipitation was redispersed in DI water and stored at 4
°C until the next usage.
The AgNPs were synthesized according to the wellknown citrate-reduction method (Yilmaz, 2019). First,
100 mL of 1 mM silver nitrate (AgNO3) solution was
heated to boiling point, and then under vigorous magnetic
stirring (1400 rpm) 10 mL of trisodium citrate solution

(1% by weight) was added to this solution drop by drop.
The addition of trisodium citrate led to the emergence of
a vivid yellow color indicating the synthesis of AgNPs.
After 30 min, the heater was turned off and the AgNP
dispersion was left to reach room temperature. For
purification, AgNPs were centrifuged at 12,000 rpm for 20
min. The supernatant was discarded and the precipitation
was redispersed in DI water and stored at dark in the
refrigerator.
To fabricate the AgNP@PDOP NP system, 2 mL of
as-prepared AgNP dispersion (200 ppm) was mixed with
10 mL of dopamine solution (2 mg/mL) in Tris buffer (10
mM) at pH 8.5. As the dopamine was polymerized, the
color of the dispersion darkened. After 2 h, the mixture
was centrifuged at 12,000 rpm for 20 min to remove the
impurities. The precipitated AgNP@PDOP NP system was
redispersed in DI water and stored at 4 °C until the next
usage.
2.2. In vitro cytotoxicity test of NPs
In the in vitro cytotoxicity test, I employed a colon cancer
cell line, Caco2, which was obtained from the American
Type Culture Collection (ATTC). Caco2 cells were
cultured in Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U
mL–1 penicillin, and 100 U mL–1 streptomycin. The cells
were maintained in a humidified incubator at 37 °C in
the presence of 5% CO2. The cell culture medium was
replaced every 2 days before the experimental application.
After optimal growth, the cells were rinsed with PBS and
then collected by treatment with trypsin. The cells were
resuspended in fresh medium and plated onto 96-well
plates at a density of 5 × 103 cells per well. These plates
were incubated at appropriate conditions as given above
for 24 h. Then the medium was removed from cells and
fresh medium with NPs at different concentrations in
the range of 200–3.12 ppm was added to the cells. For
each application, cytotoxicity tests were performed in six
repetitions. Untreated cells and 750 μM H2O2-treated cells
were used as negative and positive controls, respectively.
After 24 h of incubation time, the sulforhodamine B (SRB)
assay, which is based on the evaluation of the protein
content of live cells, was used to determine the cytotoxicity.
In a typical assay, 50 μL of 10% trichloroacetic acid was
added to each well and all plates were incubated at 4 °C for
a minimum 1 h. Afterwards, the solution was removed and
all wells were rinsed with dH2O 5 times. Then the plates
were completely air-dried, and 100 μL of SRB solution
0.4% (w/v) in 1% acetic acid was gently added to the wells
and the plates were stored at room temperature for 30 min.
Unbound dye was poured from the plates and they were
left to dry until completely dry. All plates were washed
with 1% acetic acid solution 5 times for the removal of

127

YILMAZ / Turk J Zool
unbounded dye from the wells. Bound dye was dissolved
by the addition of 150 μL of 10 mM Tris base into the
wells and the solution was mixed well by pipetting. The
optical density (OD) was measured at 564 nm using an
ELISA reader (Epoch). The amounts of viable cells were
calculated by comparing the viability of control group.
3. Results and discussion
In this study, it is aimed to fabricate AgNPs, preserving
their unique optical properties with lower cytotoxicity,
by the employment of a PDOP layer. For this, I prepared
PDOP NPs, AgNPs, and AgNP@PDOP NP systems.
Figure 1a summarizes the UV-Vis absorption spectra
of each NP system. Due to the nonplasmonic nature
of PDOP NPs, no remarkable absorption maxima was
detected in the visible region of the spectrum (Akin et
al., 2014; Yilmaz et al., 2016; Bakirci et al., 2017; Yilmaz,
2018). However, for the case of AgNPs, a relatively sharp
absorption maxima, indicating a narrow size distribution
of NPs, at 422 nm was clearly observed (Figure 1a). The
employment of a thin layer of PDOP onto the AgNPs led
to a significant red-shift (10 nm) in resultant absorption
maxima of the AgNP@PDOP NPs (432 nm) (Figure 1a).
This experimental observation can be attributed to the
change in the dielectric constant of the NP system with the
emergence of the PDOP layer (Yilmaz et al., 2016).
For further characterization of NPs, I also obtained
some TEM images at different magnifications (Figures 1b–
1d). From Figures 1b1 and b2, it is seen that spherical PDOP
NPs are in the range of 80–130 nm with average size of
115 nm. However, for the case of AgNPs, relatively smaller
NPs with mostly spherical morphology were observed in
the range of 30–70 nm (Figures 1c1 and 1c2). From the
nanoparticle size distribution analysis, the average size
of AgNPs was determined as 45 nm. These results are
well correlated with my earlier UV-Vis spectra and also
compatible with other reports in the literature (Akin et al.,
2014; Yıldız et al., 2014; Norouz Dizaji et al., 2016; Bakirci
et al., 2017; Yilmaz, 2019). Besides, the TEM images of
the AgNP@PDOP NPs (Figures 1d1 and 1d2) depicted the
conformal coating of the PDOP layer onto the AgNPs.
It was observed that 2 h of oxidative polymerization of
dopamine could create 5 ± 1 nm thickness of the PDOP
layer on the metal nanostructures. This conformal thin
layer of PDOP can be used to decrease the cytotoxicity
of AgNPs without losing their unique optical properties.
In light of the UV-Vis spectra and TEM images, I can
definitely conclude that all NP systems (PDOP NPs,
AgNPs, and AgNP@PDOP NPs) were synthesized in the
desired morphology and size range.
After efficient synthesis of NPs, cytotoxicity tests
were applied to the Caco2 cell line. The cell viabilities for
the relevant NP systems at different concentrations are
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summarized in Figure 2 and the Table. Representative
inverted microscopy images of the cells after 24 h of 200,
50, and 12.5 ppm NP exposures are given in Figure 3. In the
negative control, cells preserved their normal morphology
and cellular integrity. However, in the positive control,
cells lost their regular shape and their cellular interaction
and also shrank (Figure 3). For the case of PDOP NP
exposure, even at a high concentration such as 200 ppm,
the cell viability rate was 80 ± 4% (Figure 2; Table). At
lower concentrations, PDOP NPs had almost no toxic
effects in terms of cell morphology, cellular integrity, and
their interaction. Cytotoxicity tests of PDOP NPs depicted
that this NP system is highly biocompatible with Caco2
cells and the low cytotoxicity is a valuable indicator to
explore them as a promising candidate for the conformal
coating of toxic NPs. Similar results were detected in some
reports in the literature (Zhang et al., 2012; Liu et al., 2013;
Chen et al., 2014; Zhong et al., 2015; Tang et al., 2016; Li
et al., 2017; Yu et al., 2017; Zhu and Su, 2017; Dong et al.,
2018; Gu et al., 2018; Poinard et al., 2018). For example,
Tang et al. tested the cytotoxicity of PDOP NPs on the
HepG2 cell line and analyzed this through the MTT assay
(Tang et al., 2016). They reported that no toxic effect was
observed at 50 ppm PDOP NP concentration. Similarly,
Chen et al. employed PDOP NP capsules to determine
their cytotoxicity in the HeLa cell line (Chen et al., 2014).
It was shown via MTT assay that there was no remarkable
toxic effect of NPs even at 500 ppm.
For the case of AgNPs, dose-dependent toxicity was
detected in the Caco2 cell line (Figure 2; Table). It is well
known that metallic NPs, especially the silver ones, exhibit
high cytotoxicity even at low concentrations. Numerous
physiochemical properties including NP size, shape,
surface charge, and covering material may play important
roles in cytotoxicity (Akter et al., 2018). In this study, it
was observed that at the lowest concentration (3.12 ppm)
of AgNPs a sharp decrease was detected in cell viability.
As the concentration of AgNPs increased, the cell viability
decreased accordingly. At the highest concentration (200
ppm), the lowest cell viability was detected as 26 ± 7%.
Inverted microscope images (Figure 3) furtherly supported
the SRB results. The exposure of AgNPs led to broken cell
unity and loss of the regular shape of the cells as well as
eventual cell death. Despite the numerous attempts, the
cytotoxicologic mechanism of AgNPs is still unclear. It
is commonly believed that AgNPs disrupt mitochondrial
functions and result in cell cytotoxicity (Ahamed et al.,
2008; Arora et al., 2009). The work by Ahamed et al.
indicated that AgNPs upregulated protein p53, which is
a cell cycle checkpoint, and DNA damage repair proteins
such as Rad51 and phosphorylated-H2AX expression in
mouse embryonic stem and fibroblast cells. Also, Arora
et al. showed that AgNPs could enter primary mouse
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Figure 1. Characterization of NPs: (a) UV-Vis absorption spectra of NPs, TEM images of
PDOP (b1 and b2), AgNP (c1 and c2), and AgNP@PDOP NP (d1 and d2) systems at different
magnifications. Arrows indicate the thickness of the PDOP layer on the AgNPs.

fibroblasts and liver cells and create oxidative stress. In
this study, the dose-dependent trend is highly acceptable
and compatible with other reports in the literature (Kim

et al., 2012; Kaur and Tikoo, 2013). For instance, Kaur and
Tikoo employed AgNPs obtained via chemical reduction
method in the range of 30–50 nm and determined their
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Figure 2. Cell viability test of NP systems at different concentrations.
Table. Cell viability results of NP systems at different concentrations.
Concentration
(ppm)

PDOP NP

AgNP

AgNP@PDOP

200

80 ± 4

26 ± 7

95 ± 7

100

90 ± 5

34 ± 4

97 ± 5

50

96 ± 5

41 ± 3

98 ± 4

25

98 ± 4

48 ± 3

99 ± 3

12.5

99 ± 3

57 ± 2

100 ± 3

6.25

100 ± 3

67 ± 4

100 ± 4

3.12

100 ± 2

73 ± 4

100 ± 4

cytotoxicity in A431 and A549 cell lines (Kaur and Tikoo,
2013). MTT assays showed that the toxicity threshold was
lower than 50 ppm. Similarly, Kim et al. tested AgNPs of
different particle sizes (10–100 nm) on the HeLa cell line
(Kim et al., 2012). It was found that the cytotoxicity level
was highly size-dependent and ranged from 10 to 20 ppm.
In this respect, it is obvious that the high cytotoxicity
of AgNPs can be easily manipulated by using a conformal
coating of PDOP. After deposition of a PDOP layer with a
thickness of a few nanometers, the cytotoxicity level was
dramatically reduced (Figure 2; Table). The exposure of
200 ppm of AgNP@PDOP NPs had almost no toxic effect
in terms of cell morphology, cellular integrity, and their
interaction and the cell viability rate was 95 ± 7% (Figure
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3). Cytotoxicity tests of AgNP@PDOP NPs proved that
this NP system is highly biocompatible with Caco2 cells
and the low cytotoxicity is a valuable indicator to consider
it as a promising candidate for different applications.
In conclusion, in this study, to enhance the cytotoxicity
of AgNPs, the addition of a PDOP layer onto a AgNP system
was proposed as a novel approach. While bare AgNPs
exhibited high toxicity even at lower concentrations, PDOP
NPs were highly biocompatible and had almost no toxic
effects on the cells. The emergence of the PDOP layer on
the AgNPs did not change their optical characteristics but
greatly improved the cytotoxicity. Combining plasmonic
AgNPs with conformal PDOP would provide distinctive
opportunities in biological applications. The data and
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Figure 3. Representative inverted microscopy images of Caco2 cell lines after 24 h of NP exposures at different
concentrations.

observations obtained from the present study will lay a
foundation in my prospective work, which will cover in
vivo studies.
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